Abstract The thermal behavior of three Colombian agricultural residues was studied by non-isothermal thermogravimetric analysis (TGA) at various heating rates. An approach using a combined kinetics parallel reaction model and model-free isoconversional methods proved to be suitable to determine the pyrolysis kinetic parameters of biomasses with different macromolecular composition and H/C and O/C ratios near 1.5 and 0.8, respectively. Fraser-Suzuki functions representing the derivative TGA (DTG) of hemicellulose, cellulose and lignin showed a very good agreement with the experimental data. The calculated apparent activation energy of biomass pseudocomponents evidenced no dependence on the reaction extent in all the conversion range, validating the use of master plots for decomposition mechanism identification. Pseudo-hemicellulose, pseudo-cellulose, and pseudo-lignin showed to be close to a second-order kinetic model, a random scission, or an Avrami-Erofeev model and a high-order kinetic model, respectively. Comparing the three feedstocks, the apparent activation energy of the pseudo-components was in the order: bamboo guadua E a < coconut shells E a < oil palm shells E a . The results show that even when sample elemental composition is very similar, macromolecular constituents, in particular lignin, could have an impact in the biomass decomposition rate and apparent activation energy. For the three studied materials, the model fitting error below 10% showed that the calculated kinetic parameters are suitable for the description and prediction of the biomass thermal decomposition.
Introduction
Thanks to their climate variety, tropical regions have a great biodiversity and the appropriate conditions for the development of agroindustrial activities. Agroindustry produces large amounts of low-cost residues, which can be used for biofuel production or transformed in value-added products. However, in most tropical developing countries, these residues are not valorized and represent an environmental risk, as they are not always disposed properly. According to different studies, the agro-residues potential in developing countries is higher than 2900 million t per year [1] . In Colombia, according to the Colombian Energy and Mining Planning Unit, UPME, more than 70 million t of wastes is produced every year from agroindustrial activities [2] . In this context, the valorization of these residues from an energetic point of view or for the production of value-added products represents an alternative for their treatment and disposal and for strengthening the local economy.
Three Colombian lignocellulosic biomasses were chosen for this study: oil palm shells (OPS), coconut shells (CS), and bamboo guadua (BG). OPS are the shell fractions left after the crushing of the kernel nut in the oil palm extraction process from the Elaeis guineensis palm. This biomass is considered an important waste of the Colombian oil palm extraction industry, with near 220,000 t generated every year [2] . In the country, raw OPS are usually burnt in boilers for steam production in palm oil facilities, or disposed as a cover for palm plantation roads, without giving any value to this residue [3] . Furthermore, CS from Cocos nucifera palm are considered a material with little or non-economic value from the Colombian alimentary industry, and have been traditionally used for handicraft making or discharged in soils. The amount of this residue is not negligible in the country, considering that near 119,000 t of this fruit is produced in Colombia every year, according to the statistics from the Food and Agriculture Organization of the United Nations [4] . Finally, BG, Guadua angustifolia Kunth, is a native woody bamboo species from South and Central America [5, 6] . It has been traditionally used in Colombia as a construction material or firewood. With a high growing rate, BG could represent an interesting material for energy purposes in Colombia and other tropical countries, either from crops or as a residue from the construction industry. Energetic applications of this biomass have not been studied in detail. Reported studies related to bamboo as energy source have been mainly performed with other bamboo species [7] [8] [9] . Considering that the three selected biomasses have a heating value above 18 MJ/kg and a great availability [5, 10, 11] , it could be interesting to explore their potential to be used as a source of energy, or as a feedstock for the production of value-added materials in Colombia and other tropical countries.
Pyrolysis is the first step in the conversion of biomass into biofuels, adsorbent materials, and value-added chemicals [12] [13] [14] [15] . This thermochemical conversion process constitutes the previous stage of combustion and gasification, and should be properly understood for the valorization of different materials through thermochemical conversion processes. In particular, the knowledge of the pyrolysis kinetic parameters is very important to analyze the thermal decomposition process of residual biomasses, predict their conversion, and determine their possible valorization pathways.
Thermogravimetric analysis (TGA) has been widely used for the study of lignocellulosic biomass decomposition kinetics, either from isothermal and non-isothermal approaches. Several pyrolysis kinetic studies using nonisothermal data have focused on model-free methods to estimate the biomass kinetic parameters, as they allow the evaluation of the activation energy without knowing the decomposition reaction model [16, 17] . However, considering that the biomass pyrolysis is an extremely complex process due to the morphologies of its components and their interaction, the model-free procedure is not always sufficient for the identification of the complete kinetic triplet [18] . Most biomass pyrolysis analysis has reported different activation energy values for several kinds of lignocellulosic biomasses, usually considering only a global decomposition approach [19] [20] [21] [22] . Works based on model-free isoconversional methods, showed that there is a clear dependence of activation energy on the reaction extent, suggesting that the pyrolysis process includes many different reactions occurring at the same time. Under these circumstances, an interesting alternative for the analysis of complex conversions is a parallel reaction approach, separating the individual processes by derivative TGA (DTG) peak deconvolution [23] , followed by the kinetic analysis of the resulting individual curves. Few studies have been reported for biomass pyrolysis kinetic analysis using DTG deconvolution [24] [25] [26] . In particular, BG, CS, and OPS kinetic analysis using this alternative approach has not been reported yet.
According to this, the aim of this work is to study the pyrolysis characteristics and kinetics of three tropical lignocellulosic biomasses, from a non-isothermal TGA. A threeparallel reaction model was employed, using a DTG peak deconvolution procedure, followed by a model-free isoconversional approach and generalized master plots. The influence of the biomass nature in its thermal decomposition characteristics was discussed, comparing the calculated kinetic parameters of the selected materials.
Materials and Methods

Materials
Tropical feedstocks used in this study were collected in Colombia, South America. OPS were provided by a palm oil extraction plant in the Meta region (4°16′ 00″ N 73°29′ 00″ O, 500 m above sea level, average temperature 27°C and 2858 mm of precipitation throughout the year). CS from coconuts coming from the Nariño region (1°10′ 00″ N 77°16′ 00″ O, 0 to 400 m above the sea level and 28°C of average temperature) were provided by a food processing industry. Both OPS and CS are considered as an industrial residue. For its part, 3-to 4-years-old BG coming from a bamboo forest in the Quindío region (4°32′ 00″ N 75°42′ 00″ O, 800 to 1200 m above sea level and 23°C of average temperature) was obtained from a furniture and handicraft construction site, where biomass was indoor stored.
Raw materials were milled and sieved to a size range of 1 to 2 mm before TGA. CHNS composition of samples was determined using a Themoquest NA 2000 elemental analyzer. Moisture, volatiles, and ash content were calculated according to the standards EN ISO 18134-3, EN ISO 18123, and EN ISO 18122, respectively. The high heating value was calculated using an IKA C 5000 automated bomb calorimeter. The sample chemical composition and heating value are presented in Table 1 as an average of three replicates. Molecular composition of the biomasses is referred to literature reported values [27] [28] [29] .
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) of selected materials was performed using a Mettler Toledo TGA 2 SF analyzer. Approximately 30 mg of each sample was placed in an alumina crucible and heated from 25 to 800°C, with 2, 5, 10, and 20°C/min as heating rates. Experiments were conducted under a nitrogen atmosphere, using a flow rate of 50 ml/min. To verify the repeatability of TGA experiments, each run was conducted two times and averaged; then, the mean standard deviation was calculated. A blank experiment was made for each heating rate to exclude buoyancy effects. Experimental runs were first performed at 2°C/min, followed by 5, 10, and 20°C/min. Duplicates were done following the same order described. For each experimental condition, the standard deviation was below 0.6% for the investigated temperature range. This value was considered reasonable to ensure the repeatability of the obtained mass loss curves.
Kinetic Study
Theoretical Background
TGA has been extensively used to study the kinetics of biomass pyrolysis and to determine the reaction mechanisms controlling this process. Generally, the basis of a kinetic study is a series of experiments where the degree of conversion of a material is measured as a function of time and temperature. According to this, the degree of conversion or reaction extent is usually defined as in Eq. (1).
where m 0 is the initial mass of the sample, m f the final mass, and m the current mass at a given temperature or time. The reaction rate dα/dt depends on the temperature T and the degree of conversion α, as shown in Eq. (2) . In this expression, f(α) is the reaction model function representing how the solidstate decomposition process occurs, and k(T) the Arrhenius equation, representing the temperature dependence of the process.
From the Arrhenius equation (Eq. (3)), the reaction rate expression can be rearranged as follows:
Finally, for linear non-isothermal TGA, the reaction rate is expressed as in Eq. 5, where β is the heating rate used to perform the experiment in Kelvin per min.
In the case of biomass decomposition, the most commonly accepted reaction model functions f(α) and their integral forms are presented in Table 2 .
Three-Parallel Reaction Model
Thermal decomposition of lignocellulosic biomass is quite complex, considering that it is constituted by different components, mainly hemicellulose, cellulose, and lignin. Accordingly, pyrolysis can be described with a parallel reaction model (PRM), assuming that the three main components of the biomass react independently [31] . Three pseudocomponents representing the hemicellulose, cellulose and lignin are then considered in this approach. The total reaction rate is expressed as the addition of each pseudo-component reaction rate, as in Eq. 6.
It is important to note that modeled pseudo-components do not represent the real proportion of biomass constituents, as interactions between them can exist [32] . However, the pseudo-component proportion should be in accordance with each biomass molecular composition.
In order to model these three parallel reactions, the biomass DTG curves were deconvoluted, representing each pseudocomponent reaction rate as a mathematical function of temperature. Global DTG curves were then considered as the addition or overlap of pseudo-component DTG profile. Gaussian, Lorentzian, and Fraser-Suzuki functions were used in this study.
Gaussian function [26] :
where a is the amplitude in 1/K, b is the peak temperature in K, and c is the width of the curve in K.
Lorentzian function [26] :
Fraser-Suzuki function [33] :
where a is the amplitude in 1/K, b is the peak temperature in K, c is the half width of the curve in K, and d is the asymmetry of the curve. Least square method and an optimization algorithm were used to determine the function parameters that best fit each biomass experimental decomposition profile. The fit error was determined with Eq. 10, where dα/dT are the experimental and Table 2 Most common reaction mechanisms used in solid-state kinetic analysis related to biomass thermal decomposition
Order based Or1, first order
Power law Pn, power law α
Nucleation and growth An, Avrami-Erofeev calculated values of the decomposition rate, and N is the total number of experimental points [32] . According to this, the smaller the fit error, the better fit to the experimental data.
Once the best fit was determined, isoconversional modelfree methods were used for kinetic analysis, as presented in BIsoconversional Model-Free Approach^section.
Isoconversional Model-Free Approach
In this study, different isoconversional model-free methods were used to determine the Arrhenius parameters from experiments performed with four different heating rates. In particular, three isoconversional methods were compared: Friedman, Flynn-Wall-Ozawa (FWO), and Kissinger-Akahira-Sunose (KAS). Friedman is defined as a differential method, while FWO and KAS are integral methods [18, 34] . All of them are well known and widely used for thermal decomposition kinetic analysis. The activation energy value at a constant α can be calculated from the slope of the isoconversional Arrhenius plots, according to the expressions summarized in Table 3 .
If the apparent value of E a does not vary in a significant way with α, the process can be described by a single-step kinetics, and then, generalized master plots can be used to determine the most suitable reaction mechanism associated and, as a result, the pre-exponential factor A. The reducedgeneralized reaction rate expression in Eq. 11 needs the previous knowledge of activation energy value [35] .
The most suitable f(α) model can be identified as the best match between the experimental λ(α) values and the theoretical master plots presented in Fig. 1 [36] .
Results and Discussion
Biomass Composition and Thermal Decomposition Characteristics
In reference to the biomass chemical composition presented in Table 1 , it is possible to observe that the three selected materials have similar C and H contents, with H/C ratio between 1.5 and 1.7. In contrast, the molecular composition has remarkable differences, particularly related to lignin content. OPS and CS are endocarp biomasses with relatively high lignin content (50 and 36%, respectively). In contrast, BG has lignin content below 25% and a high proportion of cellulose (>50%).
Regarding the thermal decomposition behavior, the TG and DTG curves of biomasses are presented in Fig. 2 . For the three samples, it is possible to distinguish four decomposition stages. The first one (stage I), registered before 200°C, is related to the moisture and light volatile release. The second and the third one (stage II and stage III), from 200 to 330°C and from 300 to 380°C, correspond mainly to the hemicellulose and cellulose decomposition, and the last one (stage IV), from 380°C, is mainly related to lignin decomposition. These decomposition ranges found are in accordance with reported values for cellulose, hemicellulose, lignin, and other lignocellulosic biomasses [12, 37] .
It is possible to notice from the TG curves that the mass loss in each stage is in agreement with the fraction of hemicellulose, cellulose, and lignin of the samples. In a dry basis, the three biomasses, with similar hemicellulose content, showed a similar mass loss during the second decomposition stage. This value, higher than their reported hemicellulose composition, was expected, taking into account that during this stage, some light volatiles can also be released. Regarding the third stage, BG showed the greatest mass loss, in accordance with its high cellulose content (53.9%). In the same way, the comparison of the TG curves, presented in Fig. 2d , showed that the char yield at the end of the test was different for each biomass. OPS solid residue was 33%, while CS and BG solid yield was 28 and 19%, respectively. These differences could be related to the molecular composition of the samples. It is known that lignin contributes in an important way to the solid yield in biomass decomposition [12] , explaining the fact that OPS, with the highest lignin content, registered the lowest mass loss, followed by CS and BG.
Moreover, significant differences can be observed between the DTG curves. In the case of OPS and CS, two distinct peaks can be identified for hemicellulose and cellulose decomposition; while for BG, the hemicellulose decomposition is represented by a shoulder next to the cellulose peak. It should also be noted that as lignin decomposition range occurs over a wide temperature range from 150 to 800°C [38] , no specific lignin peak could be distinguished. Regarding the cellulose decomposition rate, endocarp biomasses showed lower values compared with BG. Taking into account that lignin is the binding agent of biomass fibers, higher lignin contents could be related to lower cellulose decomposition rates and with the well-differentiated decomposition peaks for hemicellulose and cellulose. In relation to this, Lui et al. [39] , studied the interaction between biomass components during pyrolysis. They concluded that lignin has a strong effect in hemicellulose and cellulose decomposition. Mendu et al. [40] also found that high lignin biomasses show well-differentiated peaks for hemicellulose and cellulose decomposition.
DTG Curve Deconvolution
Biomass DTG curves were deconvoluted, representing each pseudo-component with Gaussian, Lorentzian, and Fraser Suzuki functions. As Gaussian and Lorentzian functions are symmetric, they were particularly inadequate to fit the OPS and CS decomposition patterns, with an error greater than 13 and 15%, respectively. In contrast, Fraser-Suzuki function allowed the fitting of asymmetric curves, giving a good agreement with experimental data. In all cases, the fit error was lower than 3%. Parejon et al. [23] found that Fraser-Suzuki function is the mathematical algorithm that better fits the decomposition rate patterns of complex processes. Figure 3 presents the results of the Fraser-Suzuki deconvolution fitting of BG, CS, and OPS at a heating rate of 10°C/min. Table 4 summarizes the final parameters that better fitted each experimental data set.
From the deconvolution results, the pseudo-hemicellulose, pseudo-cellulose, and pseudo-lignin fractions of biomass samples were calculated. BG values were 32, 49, and 19%, respectively. CS values were 28, 29. and 42%, and finally, OPS values were 26, 24, and 50%. It should be noted that even when modeled pseudo-components do not represent the real proportion of biomass constituents, their fractions show the different nature of the studied samples in terms of their molecular composition.
Kinetic Analysis
For the selected biomasses, decomposition rate curves (dα/ dT Vs T) of each pseudo-component were analyzed using isoconversional model-free methods, in order to determine their kinetic triplet E a , A, and f(α). Friedman, KAS, and FWO Arrhenius plots for OPS, CS, and BG pseudocomponents showed a good linear fit in all the conversion range between 0.1 and 0.9. In all cases, R 2 values were higher than 0.9871, as presented in Table 5 , where the maximum and minimum R 2 values are summarized. The high correlation coefficients R 2 obtained suggest that the three isoconversional methods used are reliable and accurate for the apparent activation energy calculation.
Biomass pseudo-component E a was determined from the slope of the isoconversional plot regression lines, according to the Friedman, KAS, and FWO methods, presented in Table 3 . The calculated E a values are shown in Fig. 4 , as a function of the reaction extent.
It is possible to observe that in all cases, the dependence of E a on α is quite low. The apparent activation energy remained almost constant in all the conversion range, indicating that pseudo-component thermal decomposition follows a singlestage process and no complex reactions occur [30] . In relation to this, Table 6 summarizes the mean activation energy value found for the three biomass pseudo-components, using the described isoconversional methods. It should be noted that the relative standard deviation of the activation energy was always lower than 8% (σ = 13.5 kJ/mol), with values even below 2% (σ = 3.2 kJ/mol).
Friedman, KAS, and FWO approaches gave similar apparent activation energy values with absolute deviation below 11% in all cases. These results show that all the three methods are convenient for the calculation of the activation energy of the sample pseudo-component decomposition. In particular, it can be said that for biomasses with H/C and O/C near 1.6 and 0.8, any of the presented methods is suitable for the determination of pyrolysis kinetic parameters, despite the differences in hemicellulose, cellulose, and lignin fractions and their decomposition behavior.
The highest absolute deviation between the methods was found for the mean E a calculated with Friedman and FWO for OPS pseudo-hemicellulose (22.4 kJ/mol-10.5%). In contrast, the results obtained with KAS and FWO were very close, with deviations below 1%. These differences are related Fig. 1 Generalized master plots of the different kinetic models in Table 2 , constructed according to Eq. 6 to the mathematical approach of the isoconversional methods and the treatment of the experimental data, considering that
Friedman is a differential method while FWO and KAS are integral. Table 6 , it is also possible to notice that for the three biomasses, pseudo-component decomposition followed nearly the same behavior, as E a is in the order: E a pseudohemicellulose < E a pseudo-cellulose < E a pseudo-lignin. Keeping in mind that E a is the minimum energy required to start a reaction, the lower pseudo-hemicellulose E a value means that this component degrades easier than the two others. Accordingly, it is possible to see from Fig. 4 that pseudo-hemicellulose decomposition starts at a lower temperature than that of pseudo-cellulose and pseudo-lignin. For its part, pseudo-lignin decomposition over a large temperature range indicates that this component degrades slowly, and is harder to decompose than pseudo-hemicellulose and pseudocellulose. The high E a values associated with pseudo-lignin could be related to its aromatic nature and the fact that this component is the cementing agent of biomass fibers. Lignin is a complex three-dimensional polymer with a large variety of chemical functions which differ in thermal stability and decompose in a broad temperature range [41] , interacting with cellulose and hemicellulose. These interactions during biomass decomposition may explain the fact that calculated pseudo-lignin activation energy is higher than isolated lignin reported values, which can be in the range of 37 to 160 kJ/mol, depending on the analyzed lignin type [42, 43] . The apparent activation energies obtained with the three employed methods were in accordance with different biomass pseudo-component values in the literature. Reported pseudohemicellulose activation energy is between 86 and 180 kJ/ mol, pseudo-cellulose between 140 and 210 kJ/mol, and pseudo-lignin between 62 and 230 kJ/mol [24, [44] [45] [46] [47] . However, it can be observed that there are some differences between the three studied biomass samples. In particular, OPS is the material that presented the highest activation energy for the three pseudo-components, followed by CS and then by BG. OPS pseudo-hemicellulose E a is near 15 and 20% higher than CS and BG in that order. OPS pseudo-cellulose value is greater than CS and BG in around 10 and 17% and pseudolignin value in around 5 and 10%, respectively. This behavior could be possibly explained by the interactions between the biomass components and structure, during thermal decomposition. As the binding agent for biomass structure, lignin could have an impact in the required energy to decompose hemicellulose and cellulose. In relation to this, OPS have the highest lignin content between the studied biomasses and presented the highest E a values, while BG has the lowest lignin content and the lowest E a for the three pseudocomponents. Thus, it is possible to infer that even when the three studied materials are mainly constituted by the same components, biomass structure plays a role in their decomposition characteristics [48, 49] .
According to this, the most suitable decomposition reaction model for each biomass pseudo-component was determined using the generalized master plots procedure, which is valid only for single-stage process analysis, where there is no dependence of E a on α [18] . Experimental data were normalized to α = 0.5 using Eq. 6, and compared with theoretical master plots in Fig. 1 . Activation energy in Eq. 6 is the mean value calculated for each pseudo-component using the mentioned three isoconversional methods. Figure 5a shows that for the three biomasses, pseudohemicellulose matches closely the theoretical plot of a second-order kinetic model (Or2), except at low conversion (α < 0.2), where the decomposition model of OPS and CS c Experiment Calculated P-HC P-C P-L Fig. 3 Comparison between experimental curves and Fraser-Suzuki deconvolution results of a BG at 10°C/min, b CS at 10°C/min, and c OPS at 10°C/min. P-HC pseudo-hemicellulose, P-C pseudo-cellulose, P-L pseudo-lignin pseudo-hemicellulose is between first order and second order. For its part, BG is close to a second-order kinetic model in all the decomposition range. These differences at low conversion could be possibly due to interactions between the hemicellulose and the other biomass components. Similar approaches to other types of lignocellulosic biomasses have concluded that pseudo-hemicellulose decomposition follows an order-based kinetic model with n between 1.5 and 4 [50] . Master plots in Fig. 5b show that pseudo-cellulose decomposition is in agreement with a random scission or an AvramiErofeev kinetic model, for the three studied biomasses. Notably, BG pseudo-cellulose matches better with an A1.5 Avrami-Erofeev nucleation and growth model, while OPS and CS pseudo-cellulose are closer to a L2 random scission model. Theoretical master plots of both models are close and are related to narrow reaction profiles, as seen in Fig. 4 , where pseudocellulose decomposition range is narrower compared with pseudo-hemicellulose and pseudo-lignin. In general, AvramiErofeev models assume that reaction or decomposition is due to the appearance of random nuclei and their subsequent growth, while random scission is related to the arbitrary break of polymer chains into smaller segments [30, 51] . As the shape of both models is very close, it is not easy to consistently distinguish between them, in spite of the differences in their theoretical background. According to this, from a mathematical point of view, both of these models could describe the pseudo-cellulose decomposition mechanism. Similar studies reported for cellulose in the literature have concluded that both Avrami-Erofeev and random scission models could be suitable for the description of the cellulose thermal decomposition [22, 36, 52] .
Finally, as seen in Fig. 5c , pseudo-lignin decomposition does not match with any known theoretical kinetic model. Due to the complexity of the lignin structure and its interactions with the other biomass components [44, 48, 49] , it is not easy to fully understand its decomposition mechanism. As the cementing agent of biomass, lignin could interact with hemicellulose and cellulose in different ways according to the biomass structure and operating conditions. Moreover, lignin decomposes in a wide range of temperature and with low decomposition rate, making it difficult to completely model its corresponding reaction mechanism. At low conversion (α < 0.5), pseudo-lignin decomposition could be modeled by an order reaction mechanism, with n between 11 and 12 ( Fig. 5c) . From α = 0.5 to α = 0.9, decomposition is near a threedimensional diffusion mechanism. Particularly, a D5 model (Zhuravlev, Lesokin, Tempelman), as presented in Fig. 5d . Other reported studies have described pseudolignin decomposition with a third-order reaction model [24] , or even a high-order model with n > 12 [22] . The proposed models, however, do not fit completely the pseudo-lignin the decomposition, due to its complexity.
With the knowledge of the most suitable reaction model for each pseudo-component, pre-exponential factor A values were calculated. Taking into account that the difference between the apparent activation energy calculated with the Friedman, KAS, and FWO methods is not significant, E a of each biomass pseudo-component was defined as the mean value of the activation energy estimated with the three methods. Furthermore, the Friedman method was chosen for the evaluation of the pre-exponential factor.
The dependence of ln (A) on α, presented in Fig. 6 , is similar to that of the activation energy, remaining almost constant during all the conversion range (0.1 < α < 0.9). The relative standard deviation was in all cases inferior to 8% with values of even 2%. Accordingly, the mean values of E a and A for the three biomasses are summarized in Table 7 .
These kinetic parameters were validated and used to reproduce the experimental decomposition curves of each biomass from 2 to 20°C/min. For the three studied materials, a good agreement was found between the experimental data and the computed decomposition behavior, with fitting errors below 10% in all cases. Figure 7 shows the modeled decomposition rate of the three biomasses and pseudo-components at a heating rate of 10°C/min.
It is possible to observe from this figure that there is a gap between experimental and modeled data at temperatures above 400°C, for the three biomasses. Comparing these results with Fraser-Suzuki fitting presented in Fig. 4 , it can be noticed that the behavior of modeled pseudo-hemicellulose and pseudo-cellulose is in good agreement with the deconvolution patterns initially proposed. As a result, a good agreement is also obtained between modeled and experimental decomposition at temperatures below 400°C. In contrast, it is clear that the main differences observed are related to pseudo-lignin. This is principally due to the complexity of modeling the pseudo-lignin decomposition behavior in the investigated temperature range. In spite of this, the fitting error below 10% for the three materials showed that the calculated kinetic parameters using model-free isoconversional methods are suitable for the description of the biomass thermal decomposition.
Conclusion
In this study, the thermal decomposition of three lignocellulosic biomasses with different macromolecular composition but nearly the same H/C and O/C fraction was investigated. Bamboo guadua (BG), coconut shells (CS), and oil palm shells (OPS) were used.
In general, the approach presented in this paper using a PRM using Fraser-Suzuki deconvolution and model-free isoconversional methods proved to be suitable to determine the pyrolysis kinetic parameters of biomasses with H/C and O/ C near 1.5 and 0.8. Despite the differences in the hemicellulose, cellulose, and lignin fraction of biomasses, any of the presented isoconversional methods can be used to calculate and predict the pseudo-component activation energy and preexponential factor, and to estimate their decomposition mechanism. This information could constitute a valuable tool for reactor design and for the development and scale-up of pyrolysis and gasification processes using tropical lignocellulosic agrowastes as a feedstock.
The apparent activation energy of biomass pseudocomponents followed the same behavior for the three studied materials: pseudo-hemicellulose E a < pseudo-cellulose E a < pseudo-lignin E a . Regarding the decomposition mechanism, pseudo-hemicellulose and pseudo-cellulose were well described by a second-order model and a random-scission or an A1.5 Avrami-Erofeev model, respectively. For its part, pseudo-lignin decomposition did not completely match with c Experiment Model P-HC P-C P-L Fig. 7 Comparison between experimental and modeled decomposition curves of a BG at 10°C/min, b CS at 10°C/min, and c OPS at 10°C/min. Modeled curves generated using the calculated Ea and A values presented in Table 7 for biomasses and their pseudo-components any known theoretical model, and was described by a combination of a high-order model with n between 11 and 12 and a third dimension diffusion model. Lignin behavior was possibly due to the complexity of its structure and to the interactions with the other biomass components. Differences between the calculated kinetic parameters of BG, CS, and OPS showed that biomass structure and molecular composition play a role in the biomass decomposition characteristics. Considering the nature of lignin, it could have an impact in the required energy to decompose hemicellulose and cellulose. The apparent activation energy for the three biomass pseudo-components followed the order BG E a < CS E a < OPS E a , with OPS and BG being the highest lignin and lowest lignin content biomasses analyzed in this study, respectively. For the three studied materials, the model fitting error below 10% showed that the calculated kinetic parameters using model-free isoconversional methods are suitable for the description and prediction of the biomass thermal decomposition.
